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Abstract 
An experimental study has been carried out to evaluate the tribological and mechanical properties 
of steel hardened with glass-ceramic enamel under ambient conditions. Three types of borosilicate 
based enamels were fused onto mild steel by the firing process, followed by sandblasting and a ground 
coat to ensure surface integrity between the substrate and the covering coat. The surface roughness, 
micro hardness, wear track and tribological characteristics of the enamel coating were then 
characterised by atomic force microscopy, a Vicker micro-hardness tester, a 3D optical profiler, an 
EDS/SEM, and a friction and wear testing tribology meter. The tribological differentials of these top 
coats were examined after sliding against chrome steel, zirconia and silicon nitride. The worn 
morphologies provided some understandings of the failing mechanism due to friction. During dry 
sliding with a silicon nitride mating part, the coefficient of friction and loss of enamel enriched with 
titanium was less than the chrome steel balls, although the zirconia ball succumbed to serious wear. 
The changes in the worn morphologies and chemical composition under different sliding contacts, and 
the corresponding wear mechanism were observed, with abrasive wear being dominant. 
Keywords: Enamel coating; Wear; Friction; Sliding wear 
1. Introduction 
Vitreous or porcelain enamel has been in use as far back as the Egyptian period. Enamel is 
fundamentally a combination of a metallic substrate and a glassy coating that is achieved by melting 




C [1], or even higher; 
in this range the thermal curing creates a vitreous enamel with a glossy finish that is heat resistant up to 
1000
o
C [2]. This heat treatment process during manufacturing can crystalise some compositions within 
the coatings [3-6], such that the enamel can be either glassy (like glass) or like glass-ceramic; the latter 
has superior properties due to a combination of glass and ceramic phases. An enamel coating has 
*Manuscript
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outstanding properties such as extreme hardness [5-7], high temperature and thermal shock resistance 
[8, 9], chemical inertness [10], anti-corrosion, anti-oxidation oxidation [11-18], and resistance to 
abrasion and scratching [19-25]. Thanks to these promising thermal, physico-chemical and mechanical 
properties, enamel has been used in applications as various as usage in daily life, as well as industrial 
and engineering applications such as food and chemical processing, automobiles, petrochemicals, 
thermal power plants and aeronautical engineering [26]. 
Steel hardened with enamel resists abrasions and scratches, characteristics that enable the surface to 
withstand mechanical impact; this ability is known as composition-dependent. Many studies dedicated 
to the relationship between property, structure, and composition have enabled researchers to understand 
the anti-abrasion and anti-scratch properties of enamel coatings. For example, according to Rossi et al. 
[21], mill additions such as potassium feldspar and zirconium silicate undermine the abrasion resistance 
of enamel  due to the increased roughness and dissolubility of mill agents within the modified enamel 
structure. However, the addition of spodumene, feldspar, zirconium silicate and quartz promotes the 
abrasion resistance of enamel because they improve densification if the amount added does not exceed 
a threshold [22] and the elimination of porosity is advantageous to abrasion resistance [27, 28]. On the 
other hand, the large size and dissolubility of these additives does lead to a deterioration in abrasion 
[22]. 
Although enamel coatings are hard and resistant to abrasion their low fracture toughness affects 
their abrasive wear behaviour because it is associated  with brittleness induced fracture [20]. During 
tribological testing, enamel can protect metallic substrates from damage caused by severe mechanical 
impact [29-31]. According to Zhang et al. [29], enamel coatings can improve the wear characteristics 
by 3.12 times more than the substrate and by an additional 1.64 times when rare earth oxides are added; 
this is due to the high hardness of enamel and the porosity free inner structure stemming from the 
adjusted composition.  Moreover, enamel also enhances the already significant wear resistance due to 
the four fold drop in mass between the samples with and without a coating; this occurs because the 
hardness and the roughness reduce the apparent contact area and damage caused by fretting [31-33]. 
This high roughness also reduces the contact area between the sliding counterparts which also reduces 
the friction [30]. The common conclusion from these studies on the wear mechanism of enamel coating 
is abrasive wear. 
There are so many studies in literature which are dedicated to investigating the abrasion resistance 
of enamel coatings, but only a few on their tribological behaviour, and even they are limited to the 
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tribology of a type of borosilicate sliding against chrome steel. It is therefore important to understand 
the tribological characteristics of different enamel materials against different counterparts, so in this 
study, three types of enamels based on commercial borosilicate and three different balls are used as 
counterparts to observe their tribological behaviour.  These enamels differ in terms of their chemical 
compositions, with one being rich in titania and the others having zirconium and cobalt, respectively. 
Their counterparts include chrome steel, zirconia and silicon nitride balls. The tribological behaviour of 
these enamel-ball tribo pairs were tested under drying sliding conditions and then the results were 
compared; this study will provide the knowledge needed to manufacture enamel coatings for 
engineering applications such as the mining industry.  
2. Materials and methods 
The coatings used in this study are made from borosilicate based enamel supplied from W.G. Ball 
Ltd, United Kingdom. The enameling materials have been fused at approximately 830
o
C for 3.5 
minutes onto mild steel samples with the dimension of 116×30 ×1.5 mm
3
, that has been sandblasted 
prior to enameling. The coating is slid against two types of ceramic balls (Si3N4 and ZrO2) and a 
chrome steel ball (GCr15) which are stationary counterparts; these balls are 6.35 mm in diameter. 
Table 1 and  
Table 2 show the chemical compositions of three different enamels used for covering coats 
(denoted as W, B, and Y) and the properties of the commercial countering balls (noted as G, Zr and Si). 
Table 1. EDS analysis of three types of borosilicate based cover coats 
Wt% SiO2 B2O3 TiO2 Na2O K2O CaO ZnO Al2O3 CoO ZrO2 P2O5 
W 40.39 14.35 18.15 7.58 7.36 - 0.73 9.37 - - 1.73 
Y 50.00 10.72 6.37 17.23 1.22 2.00 - 7.54 - 4.92 - 
B 51.22 14.25 4.57 16.82 1.43 4.39 - 7.25 0.07 -` - 
 
Table 2. Properties of commercial balls used as stationary tribo part [34] 
Property GCr15 (GC) ZrO2 (Z) Si3N4 (Si) 
Density (d, g/cm
3
) 7.8 6.0 3.44 
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Young’s modulus (E, GPa) 270 205 320 
Hardness (H, GPa) 7 14 15 
Surface Roughness (Ra, nm) 20 25 10 
Ball-on-plate tests are carried out at room temperature on a Bruker UMT TriboLab tribometer 
under dry reciprocating conditions; these tests last for 900s at an applied load of 10 N which is 
equivalent to the maximum Hertzian contact pressure of approximately 0.73 GPa, a rotatory speed of 
4.8 Hz, and at a 27mm long stroke. The normal and lateral forces are automatically recorded by 
coupled sensors and then transferred to a computer system which calculates the coefficient of friction 
for the whole travel distance of 233.28 m in 900s. The choice of the test time 900s is to obtain the long-
term trend of friction. Three tests took place in order to collect a representative of the friction-time 
curve and an average coefficient of friction for each tribo pair.  
The worn surfaces of the counterparts are observed using a JEOL 6490 scanning electron 
microscope (SEM) attached to an energy dispersive spectroscope (EDS). The accelerating voltage is 15 
keV and the working distance is fixed at 10 mm; a Bruker ContourGT-K 3D Optical Microscope is also 
used to inspect the morphology of the worn surfaces and to determine the wear volume. 
Before commencing sliding testing, the hardness of the as-prepared coatings is measured using a 
Vickers microhardness tester with an applied load of 0.49 N in 10 s dwell time. These measurements 
are taken at 9 points on each sample and then the average value becomes the accepted hardness of the 
coating. The enamel coating is also investigated mechanically via micro scratch testing with a 
progressive mode loading from 0.01 to 100 N for 1 minute, while the resulting 3mm deep scratches are 
observed by SEM. An atomic force microscope (AFM), with a scanning size of 50×50 mm
2
 and a 
scanning rate of 2 Hz is used to measure the roughness of the coating. The phase compositions of the 
enamel coating are identified by X-ray diffraction (XRD) with a Cu Ka X-ray source at a step size 
0.02
o
 and a scan rate of 1
o
/min, with a maximum high voltage of 60 kV and a current of 0.06 A. 
The hydrophilicity of the enamel coating is determined by the sessile drop method using 2 mL of 
distilled water. The contact angle is measured with a goniometer attached to an optical camera on at 




3.1. Characterisation of the enamel coating 
The AFM results show that the as-prepared enamel coatings are smooth, with a roughness of 
approximate 16-30 nm (Ra), albeit their surfaces are slightly wavy, and the Rz values are quite low and 
between 180-310 nm. The as-prepared enamel coatings are hydrophilic with a very low contact angle 
of 16-17
o
. These values are similar to the results given by Chen et al. [35]. Figure 1 shows that the 
water droplets spread readily onto the as-obtained surfaces. 
 
The hardness of enamel coatings is shown in Table 3; Y is the hardest of the three types of enamels, 
followed by B and W, respectively, but they are still rather brittle.  Figure 2 shows that the acoustic 
emission (AE) of all the enamel coatings increased in the early stage but without any scratches on the 
surface, so the damage under the top layer occurred due to a possible bubble structure within the 
coating (Figure 4), a brittle coating, and low fracture toughness [36]. The scratch becomes visible under 


























similar in width, and larger than W. The saturated AE shows complete destruction which confirms the 
brittle fracture failure of these tested enamel coatings. 
Table 3. Hardness of as-produced enamel coatings 
Enamel W Y B 
Hardness (H, GPa) 5.23 ±0.48 6.92 ± 0.29 6.33 ± 0.26 
 
 
Figure 2. Micro-scratch image of different enamels: B (a), Y (b), and W (c). 
Scale bar is 500 mm. AE range is 0-100%.  
Figure 3 shows the XRD patterns on different enamels after thermal fusion; note how the the 
pattern of coating B has glassy characteristics and a gentle hill without peaks, whereas the W and Y 
enamels have a baseline similar to B but with many diffraction peaks that representthe crystalline 
















samples W and Y, respectively. The results of XRD agree with the SEM images obtained from the top 
surfaces of samples etched with hydrochloric acid.  The SEM images depict the presence of many 
small particles and some larger particles on the surfaces of coatings W and Y (Figure 4 – d & e), 
whereas there is no special feature on coating B (Figure 4 – f). 
The presence of crystals is believed to enhance the properties of the glassy base thanks to the 
combined characteristics of crystal and glass [5, 6], properties that are dependent on different 
crystalline compositions. In fact, the Titania has a Mohs’ hardness of 5.5, while zircon is 6.5-7.5. 
Zircon (zirconium silicate) improved the hardness of enamel Y better than Titania did to sample W, 
which is why  the hardness of coating Y shown in Table 3 is very high. 
 
Figure 3. XRD pattern of enamel (a) W, (b) Y and (c) B 
The optical microscope images (Figure 4 – a, b & c) show the layers of enamel layers have a 
bubbled structure, and there are many large bubbles within the ground coat of every enamel. These 
features emerge near the substrate, then move and increase in size towards the top coat, while some of 
them penetrate into the top layer. Most of the bubbles are less than 15 mm, although some reached 20-





























40 mm, and several reached 50 or 80 mm; there are also bubbles in the cover coat, but they are smaller 
than those in the intermediate coat. While the ground coat helps to bond the layer between the substrate 
and top coat, it usually has a low viscosity to wet the substrates. A ground coat with low viscosity is 
needed to constrain any large air voids. Whereas coating W has the least number of bubbles inside the 
layer compared to the others,  coatings Y and B do have bubbles but they are finer than in coating Y 





Figure 4. Optical microscopy images of cross-sections (a, b, c), and SEM images of enamels etched 
with hydrochloric acid (d, e, f) in samples W, Y and B, respectively. 
In accordance with the optical microscope images above, the two layer coating varies from 400 to 
500 mm thick, while the average values for each single layer of enamel are 186±13, 221±2 and 162±6 














3.2. Friction and wear 
 
Figure 5. Coefficient of Friction of different balls sliding against enamel W 
Figure 5 and Figure 6 show that when the two counterparts began to make contact during the 
sliding test the coefficient of friction of each sample was at its highest in the  early  running-in 
stage, after which it decreased at different rates depending on the material of the balls.  GCr15 
decreased gradually but had the coefficient of friction of 0.69, and while the friction of zirconia 
was lower and stable at 0.60 during the first 500s, it then decreased and stabilised at 0.45 for 
the remainder of the test; the average coefficient of friction in this case was 0.53. The silicon 
nitride ball displayed an interesting type of tribological behaviour with the enamel samples in 
the reciprocating test; after a sharp increase induced by the running-in stage, the coefficient of 
friction rapidly decreased in the first 250s, but then all the enamels remained around 0.55 in the 
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later stage. The friction signal of GCr15 shows a steady decline whereas the zirconia friction was 
steady for 120m and then drops towards at the end of 900s experiment. Such occurrence can be 
observed in the repeated tests. There is a possibility of different topographical behaviors on the samples 
if they were allowed to run longer distances. This will be considered in the future work. Moreover, the 
friction lines in Figure 5 fluctuate more for the cases of zirconia and silicon nitride case. This 
fluctuation is caused by the wear mechanism that depends on the interfacial interaction between 
zirconia and silicon nitride and different surface topography as shown in Figure 9. 
Figure 5 shows the coefficient of friction as the chrome steel ball slid against coating W was 
higher than silicon nitride by 0.15 whereas Figure 6 shows that the coefficient of friction with 
the tribo-pairs of various enamel coatings sliding against a silicon nitride ball did no differ very 
much; in reality the chrome steel surface produces a result that is similar to other studies [29, 
31], but the silicon nitride counterparts have a better wear performance.  
 




Figure 7 shows that the zirconia ball led to severe wear in enamel W of 13.93 mm
3
, which is 
approximately 7.8 times more than by the GCr15 ball. This agrees with the results where the 
coefficient of friction in terms of the ZrO2-W tribo pair was smaller at the later stage of the test 
(Section 4). Meanwhile, the wear loss of coatings W and Y against silicon nitride are similar at 
0.37 and 0.33 mm
3
, respectively, which is one third as much as enamel B at 1.09 mm
3
, even 
though the respective coefficients of friction of 0.3, 0.56, and 0.55 do not differ very much. 
 
Figure 7. Wear loss of coating and ball after reciprocating test 
Ball wear is also shown in Figure 7. Note that the degree of wear between the silicon nitride-
enamel sliding pairs was opposite to the coatings, but there is very little difference in the degree of 















pair of zirconia balls and enamel W experienced the most severe damage on both sliding parts, with the 




. Although the wear of coating W against the GCr15 ball is 
























































higher than coating W, the silicon nitride pair, the corresponding wear on the steel chrome ball almost 
half that of the silicon nitride. 
The cross-sectional profile of the wear track shown in Figure 8 indicates an agreement with the 
results of the loss through wear and the morphology (Section 3.3). The lines are fluctuating due to the 
presence of crystals and bubbles within the coating and delaminated parts on the wear tracks. 
 
Figure 8. Cross-sectional histogram of the wear track of 

























 (b)  GCr15_W
 (c) ZrO2_W


































3.3. Wear track morphologies of coatings 
Figure 9 shows the morphologies of wear tracks of coatings after tribological testing where the 
surfaces of all the coatings are covered with exposed bubbles. In terms of the tribo pairs with enamel W 
(Figure 9-(a-i)), as coating W slid against the zirconia ball it experienced the most severe damage and 
the widest wear track (Figure 9-(d-f)), but when sample W slid against silicon nitride it produced the 
narrowest wear track (Figure 9-(g-i)); the remaining tribo pairs with chrome steel balls also showed 
severe wear but in the middle range (Figure 9-(g-i)),  unlike the other two pairs above. Figure 9-(a-c) 
shows the wear track has a rough surface and many parallel grooves, which is similar to the chrome 
steel ball (Figure 10-a). Meanwhile, enamel W sliding against the zirconia counterpart shows an inner 
bubble structure among the spalls and pits on the worn surface, whereas those sliding against silicon 
nitride balls have smooth wear tracks. 
The wear track morphologies of different types of enamel coating in the tribo pairs with the same 
silicon nitride balls have similar features, including a few ploughed tracks and evidence of 
delamination. However, the delaminated parts of enamel B are the largest, and whereas the wear track 
of enamel Y is generally smoother than that of W, coating Y has delaminated all through the wear 
surface. The delaminated spalls on coating W appear to be less than on coating Y, and while a bubble 
structure can facilitate delamination because the width of the wear on W and Y, it is similar to but 
narrower than the wear on coating B. 
Obviously, the width of the wear track worn on the surfaces of enamel correspond to the width of 
the horizontal wear scar on their ball counterparts, so the width of the wear track on the coatings will be  
the same as the width of the ball scar (Section 3.4). Some features seen on the ball such as grooves and 
roughness are also present on the enamel coatings because all the wear tracks on enamel coatings that 
slide against silicon nitride balls are due to the polishing effect of hard silicon nitride debris as a third 
body. While the roughness of W in the W-chrome steel tribo pair is due to titania crystals inside the 
coating, the delamination of worn enamel surfaces can be induced by the brittle coating, therefore the 
greater amount of delaminated material on enamel B is also due to the low fracture toughness, or 
extreme brittleness of the glass coating. The smaller amount of delamination on enamel Y is due to the 
presence of a few zircon crystals, whereas the titania-rich phase helped W resist delamination better 
than the two above. The grooves on the worn surface are due to the hard debris from the counterparts, 
while the large ploughed tracks on the enamel coating tested with a silicon nitride surface is attributed 


























Figure 9. 3D Profilometer and SEM images (left to right) of wear track on the enamel coating: 
a-c) GCr15-W, d-f) ZrO2-W, g-i) Si3N4-W, j-l) Si3N4-Y and m-o) Si3N4-B. 
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As a result, enamel coatings suffer from abrasive wear due to their brittleness, as well as from 
delaminated parts and roughened and spalled surfaces as shown in Figure 9o. In fact these worn 
surfaces also have “ploughed” tracks caused by debris from the third body; this outcome agrees with 
Fan et al. [39]. Such occurrence of wear is associated with scuffing happening in the first 100s, this 
scuffing will be considered in future work.  
3.4. The wear scar morphologies of balls 
As Figure 10 shows, the wear scars of all the used balls are oval, and the width of wear 
perpendicular to the sliding direction decreased in zirconia, chrome steel, and silicon nitride balls, in 
that order. The wear scar of the silicon nitride ball sliding against coating B was wider than with 
coatings Y and W. The wear scar of GCr15 ball had many smooth grooves, was partially covered with 
some built-up materials (Figure 10-(a-c)), and also showed plastic deformation along the grooves. 
However, the wear scar of the ZrO2 ball was rougher and appeared to peel off while being tested, as 
shown in Figure 10-(d-f). Figure 10 (g-o) shows similar wear scars on the Si3N4 parts sliding against 
different enamel coatings; this includes smooth grooves and cavities that are either empty or full of 
debris. 
The EDS maps (Figure 11 -Figure 15) present the elemental distribution on part of the ball wear 
scar; they also show the built-up materials along the grooves on the chrome steel ball on the zirconia 
surface and in the cavities of the silicon nitride ball. This material is debris from the enamel coatings 
and contains the elemental constituents of coatings such as alkali, silicon, titanium, zirconium and 
cobalt. 
The wear scars on the balls are not circular due to the intrinsic brittleness of enamel materials so the 
fractures on the enamel coatings emerge and grow laterally under a loaded contact. The images of 
micro-scratches on the enamels shown in Figure 2 support this deduction so the apparent contact area 
between two sliding counterparts during reciprocating sliding is expected to increase in a lateral 
direction. Since the wear scars on balls are elliptical they differ from each other depending on the 
materials of balls and coatings in the tribo pairs. 
Although zirconia is harder than chrome steel, it has the largest area of wear, because it is both 
wider and longer in vertical and horizontal directions, respectively. The SEM (Figure 10-d, e) and EDS 
mapping images (Figure 12) means that this large wear scar on the zirconia ball is probably due to the 
effect of wear-induced debris from the enamel coating that acts as third bodies in the contact. Zirconia 
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as a ceramic oxide might actively interact with the oxide debris of enamel under reciprocating 
conditions to form strongly bonded compacts with high shear bond strength [40]  that can attach itself 
onto the surface of the ball and roughen the wear scar. These compacted layers like a “strong adhesive” 
during testing that will be peeled off with the top layer of zirconia, as shown in Figure 10e, and expand 




Figure 10. SEM and 3D profilometer images (left to right of balls used in sliding pairs: 

















Grooves Trapped materials Cavities Peeling off Built up material 
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Figure 10,Figure 11, Figure 13, Figure 14 & Figure 15 show that certain material has attached itself 
to the chrome steel and silicon nitride balls; however, while this material does not behave like zirconia, 
it is inert enough to allow the  enamel debris to become partially attached to the chrome steel ball, 
unlike  the silicon nitride balls which trap the wear debris into the cavities produced while they are 
being manufactured.  These cavities inside a silicon nitride ball will expand as they are filled with wear 
debris and by the sliding test conditions. The cross-sectional images of these tested balls are shown in 
Figure 16; the balls made from chrome steel and zirconia reveal a dense phase, while the silicon nitride 
ball has a porous phase. 
 
Figure 11. EDS mapping image of partial wear scar on GCr15 ball sliding against coating W. The 




Figure 12. EDS mapping image of partial wear scar on ZrO2 ball sliding against coating W 
 







Figure 14. EDS mapping image of partial wear scar on Si3N4 ball sliding against coating Y 
 




Figure 16. Optical microscopy images of cross-section of different balls 
With regards to the wear scars on the silicon nitride ball, they increased in width when the balls slid 
against the W, Y and B enamels, respectively (Figure 10 – c, d & e). This increase in the order of wear 
area is due to the brittleness induced as the enamel coatings fracture. Although coatings Y and B are 
much harder than W, they have a low fracture toughness, as shown qualitatively in Figure 2 (Section 
Error! Reference source not found.). The scratches on coatings Y and B are wider than on coating W, 
possibly because the large number of titania crystals were impeding the lateral expansion of the 
scratched tracks. Although crystalline phases are also present within enamel Y, there are not enough to 
constrain the scratched track compared with the enamel B. Since the lateral growth of fractures on 
enamels W, Y and B is different, there will be an increase in the contact width, or the width of the wear 
scar of the balls in the same order mentioned previously, i.e., zirconia, chrome steel, and silicon nitride 
balls. 
This analysis reveals that the wear mechanism is probably a combination of adhesive and abrasive 
for chrome steel and zirconia balls, and mostly abrasive wear for silicon nitride. The GCr15 ball 
experienced abrasive wear due to the continuous parallel grooves caused by the debris and anatase 
phases, together with plastic deformation along the grooves followed by the adhesive wearing action of 
these deformed parts. Meanwhile, the zirconia ball appeared to undergo plastic deformation before 
either adhesive or abrasive expansion as the edge of the wear scar peeled off. The silicon nitride ball 













form grooves, while the materials trapped in the cavities inside the ball also act as third bodies to 
abrade and expand the void during the test. 
4. Discussion 
The highest loss of enamel on the W zirconia ball can be attributed to the superior hardness of the 
ball and the highly compacted layer of enamel on its surface. In general, the contact areas between the 
zirconia surface and the enamel coating undergo local heating due to the adiabatic character of zirconia 
[41]; this causes the zirconia to undergo plastic deformation and the distinct possibility of surface 
veneering with the ceramic debris from the enamel coating. The resulting products are strongly bonded 
layers [40] with a very rough surfaces that cause severe abrasive wear on the coating, as shown in 
Figure 9-b. The zirconia counterpart also experiences very severe damage as the compacted layer 
becomes detached and the material on the balls is peeled off. This process stems from a combined 
failure of the compacted layers of veneered zirconia and veneering ceramic debris during sliding, as 
well as a cohesive spallation in the built-up, or veneering, materials, and adhesive delamination at the 
ceramic-zirconia interfaces [40, 42, 43]. Meanwhile, the wear on enamel W when sliding against 
chrome steel is greater than with the silicon nitride balls, whereas their counterparts experienced an 
opposite trend. It can be deduced that the enamel debris from metallic oxides (e. g. iron, chrome) from 
chrome steel and the coating are not as hard as the ball, so the surface of ball is not worn as much by 
the debris. In contrast, ceramic debris from silicon nitride can be as hard as the ball, so as the third 
bodies wear out there is more debris from the silicon nitride ball than the chrome steel ball. Enamel W 
is protected from wear by the hard silicon nitride-related debris which reduces the amount of wear on 
the coating. Moreover, coating W experienced more wear from the chrome steel ball, as evidenced by 
the wider wear track, while coating W paired with chrome steel ball experienced much more wear than 
the silicon nitride surface. 
In terms of different enamel coatings sliding against silicon nitride balls, sample B experienced the 
most damage due to brittleness, or low fracture toughness, and as a consequence, the longest and 
widest wear track (Section 3.1). However, the wear on the counter ball was the smallest because, (1) 
enamel Y was harder and wore out the ball of silicon nitride more than coating B, and (2) although 
coating W was not a hard and area of wear was narrower than coating B, the large amount of crystalline 
titania particles increased the roughness of the wear track, and thus the rough worn surface and the 
silicon nitride debris caused more severe wear on the ball due to the combined roughness and hard third 
bodies. In contrast, the wear of coatings W and Y are similar and rather lower the coating B because 
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the crystalline phases enhanced the fracture toughness of the coatings. A small difference in wear 
between W and Y and their counterparts can be attributed to the superior hardness of coating Y. 
With regards to the friction, the chrome steel ball produced the highest coefficient among the tribo 
pairs of enamel W with three different ball materials. This was due to the large number of anatase 
titania particles which, together with the debris, ploughed and produced a continuous groove pattern on 
the surface of the ball. This increased the rough wear surfaces on the enamel coating and the ball, 
which also increased the apparent contact area, the result was a high coefficient of friction. The friction 
in the chrome steel case gradually decreased as the grooves became smoother during the testing period, 
which led to a reduction in the contact area. Similarly, the zirconia ball also exhibited high friction with 
coating W, although it was less than the chrome steel ball. This occurred because the zirconia is harder 
than the steel so the crystal phases within enamel W could not roughen up the surface of the ball. 
Furthermore, due to the formation of a strongly bonded compact layer of enamel debris on the surface 
of the ball the zirconia counterpart caused severe wear on enamel W and also made a macro rough wear 
track on the coating which probably caused the contact area to fluctuate in size and quickly reduce the 
coefficient of friction.  
The silicon nitride ball had a cavity structure that increased the contact area between the ball and 
titania particles with the enamel coating once sliding commenced, so the friction in the early stage was 
rather high, even higher than the zirconia ball. However, the debris filled these defective regions and 
reduced the contact area and led to a sharp fall in friction. Since silicon nitride was much harder than 
the other materials in this study, it produced a polishing effect that facilitated smoothening the worn 
coating and thereby a lower coefficient of friction. The trend in the other tribo pairs of silicon nitride 
ball with different enamel coatings was similar, so there was no distinct difference in friction by 
enamels W, Y and B, therefore the small deviations can be attributed to the mechanical capability of 
enamel and the variations of chemical compositions within the enamel coating. 
5. Conclusions 
The capability assessments and tribo-surface analysis of steel specimens coated with enamel lead to 
the following conclusions:  
- Enamel coatings maintain relatively high friction characteristics, depending on the counterparts. 
The enamel coating with a high concentration of titania delivered less friction when sliding against 
25 
 
silicon nitride whereas zirconia in contact with steel surfaces hardened with enamel had higher 
friction.  
- Enamel coatings suffer mainly from abrasive wear with ploughed grooves, distinct delamination, 
and spallation. Chrome steel and zirconia surfaces undergo a combined adhesive and abrasive 
action, whereas the silicon nitride ball experienced abrasive wear. The Zirconia surface interacted 
actively with the enamel materials to form a compact layer that caused severe wear and higher 
friction on both sliding counterparts. 
- The existence of crystalline phases inside enamel coatings can enhance their mechanical strength. 
The scratch comparison reveals that the enamel coating enriched with titania had the desired 
fracture toughness, and protected the coatings from severe wear. Zircon phases also provided wear 
resistance to enamel coating by improving the hardness of the coating, however the enamel with 
pure glass phase caused severe abrasive wear due to its high brittleness and lower fracture 
toughness. 
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